The 2,4-pentadiynyl radical, H 2 C-CϵC-CϵCH, was detected in a pulsed-discharge supersonic molecular beam by Fourier transform microwave spectroscopy. Four successive rotational transitions, Nϭ2 -1 through Nϭ5 -4 in the K a ϭ0 ladder were observed between 8 and 22 GHz. A total of 48 hyperfine components were measured and assigned with an uncertainty of 5 kHz. Seven spectroscopic constants, including rotational and centrifugal distortion constants, the spin-rotation constant, and hyperfine coupling constants for the methylenic and acetylenic protons were determined to high accuracy.
I. INTRODUCTION
The 2,4-pentadiynyl radical, H 2 C-CϵC-CϵCH, one CϵC unit longer than propargyl radical, H 2 C-CϵCH, was detected in the laboratory for the first time. The microwave spectra of the propargyl radical and cyanopropynyl radical (H 2 C-CϵC-CϵN), two closely related species, have recently been detected in the laboratory. 1, 2 An astronomical search for the propargyl radical in the cold, molecule-rich source TMC-1 was reported in 1997 by Tanaka et al.; 1 these observations were only able to set a fairly high upper limit on the propargyl radical column density, because of the molecule's small electric dipole moment ͑0.14 D͒. A number of experimental and theoretical investigations have been reported for the H 2 CCCH radical ͑see Tanaka et al. 1 and references therein͒, and a subsequent theoretical calculation for H 2 CCCCN was reported by Botschwina et al. soon after its laboratory detection.
3 Both H 3 CCCH and H 3 CCCCCH, possible closed-shell precursors to H 2 CCCH and H 2 CCCCCH, have already been observed in several astronomical sources. [4] [5] [6] Since this is the first laboratory detection of the H 2 C 5 H radical, the work presented here should provide valuable information for a definitive astronomical search and a reliable reference for theoretical studies of the radical, one of which we present in this paper. To our knowledge, no previous theoretical study of 2,4-pentadiynyl ͑to be called simply pentadiynyl in the body of the text from this point forward͒ has been reported. Electronic structure comparisons of this radical to H 2 CCCH and H 2 CCCCN ͑isoelectronic to H 2 CCCCCH), is also presented.
II. EXPERIMENT
The ground-state rotational spectra of H 2 CCCCCH were measured by Fourier transform microwave ͑FTM͒ spectroscopy. 7, 8 The radical was produced in a low-current 900 V pulsed discharge synchronized with a gas pulse of ϳ250 s length at a backing pressure of 200 kPa ͑2 atm͒. A mixture of 0.5% methyldiacetylene (CH 3 CCCCH) seeded in Ne was used as the precursor gas. The signal-to-noise ratio of the radical was approximately 50 after 1 h integration at the 3 Hz repetition rate of the nozzle. Much weaker signals were also detected when a mixture of 0.5% methylacetylene (CH 3 CCH) in Ne was used. Three orthogonal pairs of Helmholtz coils surrounding the vacuum chamber nulled out the earth's magnetic field. The sensitive response of the lines to a strong magnetic field ͑i.e., when a strong permanent magnet is brought near the vacuum chamber͒ indicates that the spectral carrier is a radical. Initially, before a definitive assignment was obtained, the subharmonic frequency positions were checked to confirm the rotational constant is the assigned B rather than B/2 or B/3.
In our earlier work, 2 methylcyanoacetylene, CH 3 CCCN, was used to produce the H 2 CCCCN radical. We speculate that the single methylenic hydrogen cleavage in the plasma discharge was the dominant production channel for the cyanopropynyl radical. Thus, by analogy, we used methyldiacetylene, H 3 C-CϵC-CϵCH, as the precursor for pentadiynyl, H 2 C-CϵC-CϵCH. The synthetic procedure follows Verkruijsse et al., 1991, 9 in which methyl diacetylene was produced by reaction of methyl iodide with sodium diacetylide, prepared in situ from 1,4-dichloro-2-butyne and sodamide in liquid ammonia. Five grams of methyldiacetylene with an estimated purity of 93% based on NMR analysis, was obtained. The yield was about 40% in this synthesis.
The source, discharge, and microwave pulse conditions for the H 2 CCCCCH search were first optimized on an H 2 CCCCN transition using a mixture of 0.5% CH 3 CCCN in Ne. This procedure was used to detect the pentadiynyl radi-cal because of the expected similarities of the two precursors, their daughter radicals, and their production mechanisms. The microwave power was optimized on the propargyl radical produced by discharging a mixture of 0.5% CH 3 CCH in Ne, because the electric dipole moments of these two radicals should be comparable ͑although ab initio calculations to be presented later suggest that the dipole moment of pentadiynyl is greater than that of propargyl͒. After the transitions of the new radical were identified, the beam and discharge conditions and the microwave power were reoptimized. Interestingly, the lines of H 2 C 5 H require a relatively high microwave power, which indicates that the radical has a small electric dipole moment, perhaps, as the ab initio calculations suggest, a factor of two or three greater than the value of 0.14 D for the propargyl radical. 10 All of the predicted strong hyperfine components of the four rotational transitions in the K a ϭ0 ladder were detected. Because of the relatively small spin-rotation interaction of this radical, the most intense hyperfine components of a given rotational transition are separated by only 1-2 MHz, and could be observed within a single spectral window, i.e., without retuning the Fabry-Perot resonator. The microwave power level, which affects the line intensity, varies slightly for each individual line depending on the cavity power distribution profile. Even so, the measured and predicted linerelative intensities are in fairly good agreement.
III. SPECTRAL ANALYSIS
The spectra of H 2 C 5 H were relatively straightforward to assign, in large part because fairly good estimates of the spectroscopic constants could be inferred from those of the related radicals propargyl, 1 H 2 C 3 H, and cyanopropynyl, 2 H 2 C 4 N. Each rotational transition has no clear pattern because of the small spin-rotational splitting and the large hyperfine structure at low-N, the molecular angular momentum quantum number. This situation is very similar to that of H 2 CCCC 15 N, a radical with quite complex fine and hyperfine structure, reported earlier by our laboratories. 2 By analogy with H 2 CCCCN and H 2 CCCH, we were able to make informed estimates of the fine and hyperfine constants of pentadiynyl which greatly facilitated spectroscopic assignment. A check on the assignment was the detection of faint lines far from the center of the rotational transition, at frequency positions precisely predicted by the derived spectroscopic constants. The measurement uncertainty was about 5 kHz and the rms of the fit was 1.4 kHz.
The Hamiltonian used to describe the K a ϭ0 rotational ladder can be written as that of a linear molecule
Here, H rot denotes the rotational and centrifugal distortion of the molecule. H sr is the Hamiltonian of the spin-rotation interaction given by H sr ϭ␥N•S. H hf (H 2 ) is the hyperfine interaction between the nuclear spins of the methylenic protons and the electron spin, and H hf (H) is the hyperfine interaction of the acetylenic proton nuclear spin and the electron spin. In both cases, the hyperfine Hamiltonian is the sum of the Fermi-contact interaction and the dipole-dipole interaction, and is given by H hf ϭb F I•Sϩc(I a S a Ϫ1/3 I•S). The assignments were made using a convenient coupling scheme, NϩSϭJ, JϩI͑H 2 ͒ϭF 1 , F 1 ϩI͑H͒ϭF.
As in H 2 CCCCN, only the K a ϭ0 ladder was detected because of the weak signal intensities and relatively large uncertainties in the frequencies of the K a ϭ1 transitions. The total spin of the two equivalent methylenic protons is 1 ͑ortho͒ for the K a ϭ0 ladder. This coupling can be understood by realizing that the total wavefunction, a product of the electronic, rotational, and nuclear-spin functions, must be antisymmetric with respect to the interchange of these two protons. The ground-state electronic wavefunction is of 2 B 1 symmetry and is antisymmetric with respect to the interchange of the two equivalent protons; the K a ϭ0 rotational functions are symmetric with respect to the interchange; thus, the nuclear-spin function must be the symmetric ortho combination. A total of 48 hyperfine components were observed for the four successive rotational transitions N ϭ2 -1 through 5-4 between 8 and 22 GHz ͑Table I͒. Seven spectroscopic constants, including rotational and centrifugal distortion constants, spin-rotation constant, and hyperfine coupling constants for the methylenic and acetylenic hydrogens, were determined to high accuracy ͑Table II͒ by using a standard numerical code for molecules with multiple angular momenta.
11 Figure 1 is a composite spectra, representing a total integration time of ϳ2 h, of the 2 02 -1 01 transition, which shows most of the observable fine and hyperfine components of this transition.
IV. DISCUSSION AND AB INITIO CALCULATION
The pentadiynyl radical, similar to propargyl and cyanopropynyl, is a nearly prolate symmetric top with a linear heavy-atom backbone and C 2v symmetry. The rotational transitions of the radical are nearly evenly spaced, or harmonic, in frequency. The rotational constant, (BϩC)/2 here denoted as simply B , of the radical agrees to within 0.03% with the value predicted by a simple empirical extrapolation: the B value shifts up 120. Thus, the B value of H 2 CCCCCH was estimated to be B (H 2 CCCCN)Ϫ29.98 MHzϭ2156.45 MHz, or equivalently, B (H 3 CCCCCH)ϩ120.70 MHzϭ2156.45 MHz. The B value, estimated from a simple structure prediction using standard bond lengths, is about 0.4% smaller than the measured value of 2157.06 MHz. The spin-rotation constant is within 5% of the value scaled from the propargyl radical, assuming that ␥ is proportional to B . where g e and g n are the electron and specific nuclear g factors, ␤ e and ␤ n are the Bohr magneton and nuclear magneton, and r and are the coordinates of the unpaired electron ͑with the origin at the nucleus under consideration, and the averaging understood as the expectation value in the given electronic state͒; the total ␣-spin density at the nucleus makes a positive contribution, and the ␤-spin density makes a negative contribution, to the Fermi-contact term.
Tanaka et al. report, on the basis of the Fermi-contact interaction as measured on the methylenic and acetylenic protons, that propargyl has comparable contributions of allenyl and propargyl forms. 1 McConnell and Chesnut have shown that the unpaired-electron spin density at protons is antiparallel to the -electron spin density of the carbon atom to which the proton is bound. Furthermore, they proposed an empirical relationship between the Fermi-contact interaction on the proton and the unpaired -electron spin density of the adjacent carbon of b F (H)ϭϪ63 MHzϫ(C). 17 Using this approximation, we can calculate that the spin density on the Observed frequency minus that calculated from the least-squares fit. Rms of the fit is 1.4 kHz, and best-fit constants are given in Table II . 01 transition, achieved in a total integration time of ϳ30 min, which shows most of the observable fine and hyperfine components. Since the supersonic jet travels along the FabryPerot cavity axis in one direction while the standing-wave microwave pulse consists of two traveling waves propagating in opposite directions, each spectral feature is symmetrically split into two Doppler components. methylenic carbon, C 1 of H 2 C 5 H, is 0.77 and that on the acetylenic carbon, C 5 , is 0.32 ͑for a ratio of 2.4͒. Although these two numbers sum to 1, there is additional spin density on the central carbon, C 3 , and the possibility of negative spin density on C 2 and C 4 as well as on all three hydrogens, which must also be considered. It is the sum of all these spin densities that must add to unity. Tanaka et al. 1 estimate the spin densities on the analogous carbons in propargyl at 0.84 and 0.56 for the methylenic and acetylenic carbons, respectively ͑for a ratio of 1.5͒. In the 7-carbon heptatriynyl radical, 15 the ratio of spin density on the methylenic versus the acetylenic end of the radical is 3.5. Clearly, as the carbon chain-length increases in the series H 2 C 3 H, H 2 C 5 H, H 2 C 7 H, the unpaired spin density localizes towards the H 2 C• end of the radical. The three resonance structures where the unpaired electron is on the C 1 , C 5 , and C 3 atoms in the pentadiynyl radical are shown in Fig. 2 . Resonance structure ͑1͒, with the unpaired electron on the methylenic carbon, is probably the dominant contributor to the electronic structure of the radical; of less importance is resonance structure ͑2͒, which places the unpaired electron on the acetylenic carbon; since there is no hydrogen attached to C 3 , we have no experimental information on the importance of resonance structure ͑3͒, which places the unpaired electron in the center of the chain. Also shown in Fig. 2 are the so-called general valence bond ͑GVB͒-type representations of the resonance structures, as explained in the figure caption. As these figures show, the unpaired electron is nominally in a p-orbital perpendicular to the plane of the molecule. A simple Hückel MO picture, making no distinction between the two ends of the molecule, would place the unpaired electron equally on C 1 , C 3 , and C 5 , with zero density on C 2 and C 4 .
To further investigate the unpaired spin density along the carbon-chain backbone, we have performed density functional calculations on the pentadiynyl radical. We have used the B3LYP density functional method ͑actually, a threeparameter hybrid HF/DF method͒ 18 available in the GAUSS-IAN 94 package. 19 These calculations do a reasonably good job of reproducing spin densities and hyperfine constants, [20] [21] [22] [23] especially if one is more interested in magnitudes and trends in the constants rather than in precise agreement of the calculations with experiment. We first tested the calculations on the propargyl radical, and found that the Fermi-contact constants were calculated consistently in B3LYP at various basis-set sizes and, at this level of calculation, did a much better job than did MP2 and MP4 calculations, for which the Fermi-contact constants were strongly basis-set dependent. However, the dipole moment of propargyl was consistently low, compared to the recommended value of 0.14 D from a high-level ab initio calculation, 10 until the basis sets included diffuse functions. The B3LYP density functional calculation was performed on pentadiynyl using a 6-31g(d) basis set to optimize the geometry. In this Figure 3 shows the electron spin density as a surface of constant probability for the unpaired spin, with the darker gray being positive spin density ͑␣-spin͒ and the lighter gray representing negative spin density ͑␤-spin͒. This surface was chosen such that the small value for the spin density associated with the hydrogen atom appears in the drawing. The three positive spin densities around C 1 , C 3 , and C 5 are essentially p-orbitals perpendicular to the plane of the molecule, as both the valence bond picture of Fig. 1 and a simple Hückel MO description of the unpaired spin would predict. H 2 CCCCCH is isoelectronic with H 2 CCCCN previously studied in our laboratories. A comparison of the spectroscopic constants of these molecules are given in Table III . The methylenic protons in these two molecules should be in similar chemical environments. Thus, the most direct comparison is the close agreement of the hyperfine constants b F (H 2 )ϭϪ48.3(1) MHz and c(H 2 )ϭϪ18.027(7) MHz in pentadiynyl, and b F (H 2 )ϭϪ50.7(3) MHz and c(H 2 )ϭ Ϫ18.95(5) MHz in cyanopropynyl. As expected, the spin distribution ͑and thus, the electronic structure and chemical bonding͒ at the methylenic end of the two radicals is very similar. The acetylenic end of pentadiynyl and the nitrile end of cyanopropynyl are not easy to analyze, since the electron distribution for CH is different than for the nitrogen atom. The B3LYP-calculated spin density at the C 5 nucleus in pentadiynyl is 33% greater than the measured density at N in cyanopropynyl as measured by the Fermi-contact interaction.
ACKNOWLEDGMENTS
We wish to thank Albert Fry and Xiangyang Xuan for their help with the methyl diacetylene synthesis. We also wish to thank Michaeleen R. Munrow and E. S. Palmer for technical assistance, E. W. Gottlieb for computational assistance, Joseph Knee and Jonathan Pitts for help with the ab initio calculation, and Bernd Engels for conversations on the accuracy of density functional calculations of hyperfine constants. S.N. would like to thank the National Science Foundation for support.
